ABSTRACT: The structure of layer-by-layer (LbL) deposited nanofilm coatings consists of alternating polyethylenimine (PEI) and polystyrenesulfonate (PSS) films deposited on a single crystal quartz substrate. LbL-deposited nanofilms were investigated by neutron reflectomery (NR) in contact with water in the static and fluid shear stress conditions. The fluid shear stress was applied through a laminar flow of the liquid parallel to the quartz/polymer interface in a custom-built solid−liquid interface cell. The scattering length density profiles obtained from NR results of these polyelectrolyte multilayers (PEM), measured under different shear conditions, showed proportional decrease of volume fraction of water hydrating the polymers. For the highest shear rate applied (ca. 6800 s −1 ) the water volume fraction decreased by approximately 7%. The decrease of the volume fraction of water was homogeneous through the thickness of the film. Since there were not any significant changes in the total polymer thickness, it resulted in negative osmotic pressures in the film. The PEM films were compared with the behavior of thin films of thermoresponsive poly(N-isopropylacrylamide) (pNIPAM) deposited via spin-coating. The PEM and pNIPAM differ in their interactions with water molecules, and they showed opposite behaviors under the fluid shear stress. In both cases the polymer hydration was reversible upon the restoration of static conditions. A theoretical explanation is given to explain this difference in the effect of shear on hydration of polymeric thin films.
INTRODUCTION
Thin films created using a layer-by-layer (LbL) deposition technique are of extraordinary interest with respect to both applications (e.g., catalysis, water purification, electronic or optical devices, sensors, surface coatings, etc.) and basic research in material and life sciences. 1 After the suggestive report by Iler, 2 the LbL assembly of polyions was first realized by Decher and co-workers. 3 The LbL self-assembly technique enables the fabrication of ultrathin films by a sequential deposition driven by electrostatic interactions of charged polymers, nanoparticles, biological templates, or biologically active species. 3 An inherently charged substrate is consecutively exposed to solutions of oppositely charged species, which adsorb to the developing film at rates that enable nanometerscale control of film thickness.
In the field of implantable biomaterials and tissue engineered constructs, surface properties are of high importance as they have an influence on subsequent tissue and cellular events such as protein adsorption, cell adhesion, and inflammatory response, all of these events being necessary for tissue remodeling. 4 It is well recognized that implantable medical devices are becoming increasingly important in the practice of modern medicine. The possibility of creating composite nanostructuresby combining different polyions, nanoparticles, enzymes, proteins, and DNAsextends the number of applications where such thin films can be used. LbL-deposited thin films can be made biocompatible by terminating the outermost layer with a stealth polymer such as poly(ethylene glycol) (PEG). 5 Furthermore, these techniques have been found to be of interest in nonimplantable biomaterials such as contact lenses where a nonwetting surface can be rendered hydrophilic for patient comfort. 6 The facile deposition of such nanofilms, the ability to control the thickness with nanometer precision, and the possibility of tailoring the surface properties (e.g., wettability, surface charge, roughness, etc.) make such films highly attractive for biomedical and other applications. For example, dermally implanted luminescent sensors have been proposed for the monitoring of glucose level in diabetics. 7 For faster response, it is proposed that such sensors can be implanted in the close proximity of the blood capillaries in the dermis, which will allow a quick transport of analytes (e.g., glucose) to the sensors. In this situation, the sensors coated with nanofilms will also experience fluidic shear from the blood flow. Likewise, biomedical devices such as polymer-coated stents are widely used in modern medicine to repair or replace various elements of the cardiovascular system. 8 Therefore, the ability to estimate the damages/changes induced by shear stresses within such devices is critical for the design optimization process.
To the best of our knowledge, the effect of fluidic shear on the hydration of thin film deposited using the LbL technique has not been investigated hitherto. The shear rates in the human body are in the order of ∼100 s −1 in large veins to ∼1500 s −1 in capillaries and arterioles. 9 In contrast, ocular shear rates range from 5000 to 28 000 s −1 dependent on the thickness of tear film (3−40 μm) and the blink velocity (∼20 cm/s).
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Here, we have studied the effect of fluidic shear on such thin films via neutron reflectometry (NR). Our model system for a LbL-deposited nanofilm coating consisted of polyelectrolyte multilayer deposited from the alternate deposition of polyethylenimine (PEI) and polystyrenesulfonate (PSS) on a 4 in. diameter single crystal quartz substrate. Samples were mounted in a flow cell for which a schematic is shown in Figure  1 .
EXPERIMENTAL SECTION
2.1. Materials. Branched PEI (50% w/v in H 2 O) with a molecular weight of 750 kDa, PSS (powder form) of molecular weight 70 kDa, and DCl (99%D) were purchased from Sigma-Aldrich. NaCl (99.5%) was obtained from Fischer Scientific. All pH adjustments were performed using 1 M DCl and NaOH (Fischer Scientific). D 2 O (99.8% D) used in the NR experiments was obtained from Acros. Ultrapure DI water with resistivity of 18.2 MΩ cm was used throughout our studies.
Single crystal 4 in. diameter quartz with a thickness of ∼10 mm was used as a substrate for LbL film deposition. Surface roughness of the quartz substrate was determined to be less than 5 Å rms using NR. The quartz substrates were rinsed with a chloroform and methanol solution, followed by cleaning with a piranha solution (H 2 SO 4 :H 2 O 2 , 3:1) for 6 h and subsequently rinsed with copious amounts of DI water. Finally, the substrates were exposed to UV radiation for 20 min.
2.2. Neutron Reflectometry. NR experiments were performed on the Surface Profile Analysis Reflectometer (SPEAR) beamline at the Los Alamos Lujan Neutron Scattering Center (LANSCE). 15 A pulsed neutron beam is produced from a spallation source and, after moderation by liquid H 2 , is directed onto the sample at a very low angle while the specular reflection is recorded by a time-of-flight (ToF), position-sensitive detector. Reflectivity is defined as the ratio of the intensity of the reflected beam to the incident beam and is a function of the neutron momentum transfer vector Q z , where Q z = 4π sin(θ)/λ, θ is the angle of incidence of the beam, and λ is the wavelength of the neutron. Through analysis of the reflectivity vs Q z data, the scattering length density (SLD) distribution normal to the sample surface and averaged over the beam footprint is obtained. SLD is a function of chemical composition and density of the material. Further details of NR measurements and modeling of the data have been detailed elsewhere. 15, 16 The data presented here were analyzed by a model-dependent algorithm using the open-source MotoFit program. 17 The method optimizes the SLD profile describing the sample to obtain the best least-squares fit to the NR data. SLD is a value unique to a particular chemical composition and is the sum of 14 the coherent scattering lengths of the constituent elements, divided by the volume they occupy. The SLD profile is shown as a function of distance from the interface in the direction normal to the sample surface. Model-dependent fitting is performed by comparing the NR profile to a model reflectivity profile generated using the Parratt recursion formalism 18 and adjusting the model using genetic optimization and the Levenberg−Marquardt nonlinear least-squares method to obtain the best least-squares fit. This approach is described as "box models" because the SLD distribution is described by a sequence of n boxes, each of constant SLD and thickness. Two adjoining layers i and i + 1 are connected by an error function centered at their interface to describe roughness between the layers. Roughness includes contributions from static roughness and dynamic undulations. We utilized the simplest possible model of physical relevance, the model with the fewest parameters, to describe the data.
A model-independent fitting approach based on B-spline profiles was also used. Model-independent fitting requires less a priori knowledge of the system as compared to model-dependent fitting. The result of model-independent fitting is a real-space interpretation of the NR data that is less biased by the experimenters' expectations of the SLD distribution. The SLD profile is composed of cubic or parametric B-splines. 19, 20 Starting from an initial B-spline curve, a theoretical reflectivity profile is calculated and compared to the measured NR data. The B-spline curve is then modified, and the process is repeated until the corresponding theoretical reflectivity profile reproduces the measured NR data. The fitting procedure requires input of the following parameters: Δρ, the difference in SLD of the substrate and subphase (in this case, quartz and deuterated subphase), n, the number of B-splines, d, the distance between the substrate and subphase, and β, a damping factor. Additional parameters employed to optimize computation include A 1 , a function to determine the smoothness of the solution with a weight w 1 ; A 2 , a biasing function to bias the solution toward an expected average SLD; and w 2 , a second weight parameter to balance these two functions, A 1 / A 2 . Resulting SLD curves are refined by adjusting the parameters β, n, and d to obtain the best least-squares fit with physical relevance. While the output of the model-independent fitting procedure is a single SLD profile, the entire process was run iteratively over a range of input parameter values to produce over a thousand SLD profile solutions per data set. A subset of these solutions corresponding to the criteria χ 2 ≤ χ 2 min + 2 was selected to best represent the sample's structure. The resulting SLD ribbons were smoothed for visual clarity. We found that the model-independent fits closely matched the model-dependent approach, giving us high confidence in the interpretation of the NR results.
2.3. PEI−PSS Multilayered Films. The polyelectrolyte films were deposited using the LbL technique, detailed elsewhere. 3, 16, 21 PEI and PSS solutions were prepared by dissolving 2 mg/mL of respective polyelectrolytes in DI water with 0.5 M NaCl. The pH values of PEI and PSS solutions were adjusted to 6 and 7, respectively. Deposition steps for each layer lasted for approximately 10 min followed by copious rinsing with DI water and drying under a N 2 stream each time. Following nine deposition steps, a sample with [PEI-PSS] 4 -PEI architecture was obtained. The quartz substrate with [PEI-PSS] 4 -PEI multilayered film was assembled within a flow cell as depicted in Figure 1 , and the subphase was exchanged to D 2 O. D 2 O was used to increase the neutron scattering contrast between the hydrogenated PEM polymer layers and the liquid subphase.
RESULTS
For a fully developed flow between two parallel plates, the following expression is used to estimate the magnitude of the shear stress acting on each plate: ], μ is the viscosity [Pa·s], u av is the average fluid velocity [m/s], and h is the height of the channel. By measuring the volumetric flow rate, we were able to calculate the average flow velocity. Subsequently, shear rate was estimated using eq 1. Note that this type of flow is also known as Poiseuille flow.
3.1. PEM Thin Film under the Liquid Flow Shear. In each case, before measuring the PEM layers in contact with liquid subphase, they were characterized by NR in air. Reflectivity profiles of PEM samples measured under different shear conditions are shown in Figure 2 . Reflectivity data were divided by the calculated Fresnel reflectivity, R F , of the quartz/ D 2 O interfaces and are displayed as R/R F vs Q z to compensate for the sharp decrease in reflectivity as described by Fresnel's law (i.e., R ∝ Q z −4
) and present the features of the data more clearly. Please note that Fresnel reflectivity was calculated for substrate/liquid interface assuming 5 Å roughness. A consistent and unidirectional change in the reflectivity profile with increasing shear rates is evident in Figure 2 . Moreover, after returning to a static condition the reflectivity curve appeared to be similar (but not identical) to the initial static measurement. This implies that the effects of shear on PEM were partially reversible in the selected experimental conditions. The simplest and most physically reasonable model that fit the data for PEM under different shear conditions consisted of a two-box model. Our previous research on PEMs constructed from PEI and PSS reveal similar structures. However, in order to improve fits, especially in the high Q z region of the NR, we modeled our data using a three-box model. The third box represents a small quantity of extremely hydrated polymer extending into the liquid subphase. It is possible that chains of polymer are dangling out of the PEM structure in a loosely packed form, and therefore, a third box was required to accommodate this region. The SLD profiles obtained from the three-box models are shown in Figure 3 . In all cases, the SLD of quartz was set to 4.175 × 10 −6 Å −2 , and the value of 6.3 × 10 −6 Å −2 was used for D 2 O subphase. Thickness and SLD values of each stratum have been listed in the tables included in the Supporting Information. Figure 4 shows model-independent NR modeling of the pH 7 PEM data shown in Figure 2 . The blue, red, and green ribbons represent the families of SLD profiles, which fulfill the criteria of χ , and restored static conditions, respectively. We also found that in the rest of the data discussed the SLD profiles resulting from the model-independent approach closely matched the SLD profiles obtained by model-dependent fitting.
NR measurements in air determined the SLD of the pure (dry) polymer layer to be 1.25 × 10
, which matches the values from our previous work. 16 We used the following equation to estimate the hydration of each stratum for different shear conditions: (2) where α w is the percentage hydration of a given stratum/box and SLD box is the experimentally obtained SLD value of the respective stratum/box. Change in the hydration (α w ) of PEM with respect to shear rates is shown in Figure 5 . The error bars represent the upper and lower bounds for hydration obtained by using SLD + standard deviation and SLD − standard deviation, respectively. Both SLD and standard deviations were obtained from the best fits shown in the tables (cf. Supporting Information). A consistent decrease in the hydration of box 1 and box 2 layers/strata can be noticed. However, the hydration of box 3, which mostly consisted of D 2 O, remained constant as a function of shear and after return to static condition (i.e., no flow). After return to static conditions, the hydration of the bulk of the polymeric film increased relative to the highest shear rate case but was less than the original static measurement. Therefore, we can conclude that the hydration was only partially reversible, which is depicted in Figure 5 . However, it is noted that the dehydration was limited (maximum ∼7%) and did not result in an observable difference in the thickness of the layers.
An important parameter determining the mechanical properties of a PEM is the polymer charge density. 22 For instance, if poly(acrylic acid) (PAA)/polyallyamine hydrochloride (PAH) multilayers are prepared at intermediate pH values where both polyelectrolytes are charged, the chains are more stretched and the Young's modulus (E) is high. 23 However, at lower pH, the chains are less charged, and therefore they should adopt a more coiled conformation and the E modulus is reduced to about 50% with respect to intermediate pH. 23 We should expect similar behavior in the case of PEM made of PEI/PSS although, since they are stronger polyelectrolytes, the effect should be significantly smaller. Therefore, to understand the role of charge density on the PEM constructed from PEI/PSS, we performed shear experiments at pH 3. The pH value of the D 2 O subphase was lowered to ∼3 by adding a few drops of dilute DCl. The pK a of PSS is ∼1; therefore, it will have a higher charge density at pH 7 compared to pH 3. Likewise, the pK a of both primary and secondary amine groups in PEI is >10, and PEI will have a higher charge density at pH 7 in comparison to pH 3. Overall, we expect the polyions of our PEM to be more coiled and also exhibit lower E modulus at pH 3. NR and corresponding SLD profiles of the PEM measured in static conditions and under shear rate at pH 3 are shown in Langmuir 2015, 31, 2870−2878 Figure 6 . Similar to the pH 7 case we observed changes in the NR profile when shear is applied. Also, the NR profile was found to be almost completely reversible upon the restoration of static condition. A corresponding decrease in SLD of the polymer is observed, which implies a reduced hydration of the PEM and, as in the case of pH 7, no significant changes in the overall thickness of the polymer. Using eq 1 and SLD values shown in Figure 6 , we estimated the hydration of each layer/ stratum of PEM, which is shown in Figure 7 .
PNIPAAm Thin Film under the Liquid Flow Shear.
The pNIPAM is a thermoresponsive polymer, which exhibits a volume phase transition at its lower critical solution temperature (LCST, 32°C) and has been studied extensively since it was first reported 40 years ago. 24 Similarly to the PEM films, it is a highly hydrated polymer which, in response to small temperature variations, radically changes its volume by expanding and uptaking (below LCST) or collapsing and expelling (above LCST) water from its polymer chains. However, even in the "unhydrated form" approximately 50% of the film volume is occupied by H 2 O molecules. 25−27 The detailed preparation method of pNIPAM film is described elsewhere. 25−27 Briefly, the pNIPAM was spin-coated onto a quartz substrate covered by a monolayer of 3-aminopropyltriethoxysilane. Interaction with the aminosilane allows the polymer to be tethered to the quartz surface. In our case the pNIPAM was copolymerized with 3 mol % of methacroylbenzophenone (MaBP) to form poly(NIPAM-MaBP). Addition of MaBP allows cross-linking of the polymeric network by exposure to UV light (365 nm) for 30 min. We compared the LbL deposited PEM films to the response of a poly(Nisopropylacrylamide) (pNIPAM) film exposed to the fluid shear stress. The pNIPAM film thickness was approximately half the thickness of the PEM films.
First we characterized the poly(NIPAM-MaBP) film in air and in contact with static D 2 O below and above the LCST point (25 and 40°C, respectively) . In all cases we were able to model poly(NIPAM-MaBP) data by using one-box models. Figure 8 shows the reflectivity profile of poly(NIPAM-MaBP) film in air at 25°C. This measurement allows estimating the thickness and the SLD of the film to be ∼114 Å and ∼1.1 × 10
, respectively. Fresnel reflectivity was calculated for quartz/air interface assuming 5 Å roughness.
The poly(NIPAM-MaBP) film was subsequently measured in contact with D 2 O. First, the static (no flow) experiment was performed at 40°C when polymer was in a collapsed state (Figure 9 ). The NR experiments showed that the polymer film thickness, SLD, roughness, and hydration were 58 (±3) Å, 3.43 × 10 −6 (±0.08) Å −2 , 4 (±0.3) Å, and 45.0%, respectively. At shear rates less than 7000 s −1 , we were not able to observe any noticeable changes in the hydration of the polymer. Next, flow conditions were applied with a shear rate significantly higher (i.e., ∼53 000 s −1 ) than in our previous PEM experiments. The NR data indicated that the thickness, SLD, roughness, and hydration of the polymer film were 61 (±2) Å, 3.71 × 10 −6 (±0.06) Å −2 , 6 (±0.4) Å, and 50.4%, respectively. The data (Figure 9 ) showed no significant change in the thickness of the polymer film, but only a small increase in the film roughness and its SLD values. The polymeric film returned to its original state after return to static conditions ( Figure 9 ). The quartz roughness was fixed to 10 Å in all cases. It is to be noted that the surface modification of the quartz substrate in this case was performed using ethoxysilane layer, which resulted in slightly increased roughness.
We also measured the effect of shear when poly(NIPAMMaBP) was in a swelled state (i.e., at 25°C); however, no effect of shear was observed in this case (data not shown). Probably this is due to very high hydration of the polymer when it is in the swelled state and therefore much less favorable neutron scattering contrast conditions. The polymer can incorporate up to 90 vol % of water, and the SLD of the film cannot be easily distinguished from the subphase.
The NR data and the resulting SLD profiles indicated that at 40°C the poly(NIPAM-MaBP) film in the flow shear stress conditions increased the water volume fraction by approximately 5% without any significant changes in the film thickness. It is an opposite effect than observed in PEM polymer presented before.
DISCUSSION
The osmotic pressure of water in an elastic, continuous polymer network can be divided into two parts:
where the mixing term arises due to polymer−polymer contacts and the elastic term arises due to deformation of the polymer network. The mixing term depends on the volume fraction of polymer φ and an activity coefficient γ
where v is the molar volume of water. In good solvent conditions, the activity coefficient is between 0 and 1 (indicating that the polymer−water contacts are preferred over polymer−polymer contacts). In this case, the osmotic pressure due to mixing is always positive. It reaches a maximum as the polymer volume fraction approaches unity. The elastic term is always negative and, depending on the model, can be a complicated function of ϕ; hence, we express the elastic term as 
In the absence of flow, the following is true at equilibrium
water inside outside (6) where p inside − p outside is the static pressure difference between inside and outside of the network. To satisfy mechanical equilibrium, p inside = p outside and hence Π water = 0. Therefore, under conditions of no flow, the equilibrium swelling of the coating is determined when
Now, in the case of flow, a Bernoulli energy balance relates the pressure inside and outside of the network:
where V av represents the velocity external to the network relative to the velocity internal to the network. Hence, at equilibrium, and under flow, the equilibrium osmotic pressure of water in the network becomes positive.
Therefore, an incompressible network system will expand by taking up further solvent to satisfy the new equilibrium condition of Π > Π mix elastic (10) This intuitively makes sense, as the network can be thought of as a semipermeable membrane. Reducing the external pressure allows the membrane to expand further. Interestingly, no changes in the thickness are observed for either PEM or poly(NIPAAm-BP). In the case of poly(NIPAA-BP), an increase in the flow rate leads to an increase in the density of the internal water. We hypothesize that water has a preferred structure and orientation inside the poly(NIPAAm-BP) network. If poly(NIPAAm-BP) expands at constant temperature, water can no longer have its preferred structure and may undergo pressure−volume work in that particular system. 29 This is based on the premise that water solvent molecules adjacent to solutes are known to be structurally and thermodynamically distinct from bulk water, which has been described by simple two-state models. 30 In these models, liquid water exists in a comprised state of both high density/high enthalpy and low density/low enthalpy species. Nevertheless, such models also fail to explain observed nonlinear volumetric changes commonly observed. 31 The PEM, on the other hand, displays the opposite behavior, which may result from a different swelling mechanism. PEMs are strongly phase-segregated complex coacervates. 32 In this case, it is assumed that the activity coefficient is larger than one, meaning that polymer−polymer contacts are preferred over polymer−water contacts. Assuming a continuous water matrix within the PEM, the mixing osmotic pressure becomes negative with the uptake of water To balance the negative osmotic pressure, there must also be a balancing positive osmotic pressure Π = Π + Π water mix capillary (12) which we attribute to capillary effects. The sign conventions dictates that water is driven into the PEM due to capillarity effects but is opposed by bulk mixing. Upon introduction of flow, eq 9 remains valid and now
However, as the signs are reversed with respect to the previous case, the layer should contract with flow. Again, this intuitively makes sense, as a reduction of pressure external to the layer would pull capillary water from the PEM. As observed in the NR measurements, the layer does not contract, and hence water must adjust its density to accommodate the outflow of water.
CONCLUSION
The LbL deposited PEM film, deposited on quartz surface, were measured under different fluid shear stress conditions using NR. The fluid shear stress was applied through a laminar flow of liquid parallel to the quartz/polymer interface, i.e., in the Poiseuille geometry. It has been suggested that hydration of polymers can play a critical role in ascertaining the biocompatibility of such polymeric thin films. 33 Since hydration of polymeric coatings can vary with respect to fluidic shear, we believe that application of the described technique may be effective in studying biocompatible polymers under shear. The scattering length density profiles obtained from the NR results showed a monotonic decrease of the volume fraction of hydrating water with increasing shear rate. For the highest shear rate applied (6800 s −1 ), the water volume fraction decreased by approximately 7% homogeneously throughout the film. The decrease in water content was not followed by any significant changes in the total polymer thickness, creating a negative osmotic pressure in the film. The PEM films were compared to the behavior of a thin film of thermoresponsive poly(Nisopropylacrylamide) (pNIPAM) approximately half the thickness of the PEM. At high shear rates the poly(NIPAM-MaBP) showed opposite behaviors under the fluid shear stress with the vol % of hydrating water increasing by approximately 5%. In both cases the polymers returned to their native states after the shear stress ended. The difference in the behavior of the two polymeric structures toward the fluid shear stress may arise from their different interactions with water molecules. 
